Because there are few persuasive data for selecting one semisynthetic penicillin or cephalosporin over another for treatment of serious staphylococcal infections, 118 recent clinical isolates of Staphylococcus aureus were studied to determine to what extent the presence of fl-lactamase affected the relative anti-staphylococcal activity of six penicillins and seven cephalosporins. In addition, the effect of inoculum was studied for its possible effect on the anti-staphylococcal activity of the 13 ,8-lactam antibiotics. By all criteria, methicillin and nafcillin were clearly more resistant to both the inoculum effect and the production of staphylococcal ,B-lactamase, whereas benzylpenicillin and cephaloridine (especially benzylpenicillin) were the most susceptible to these effects. Cephazolin was clearly more susceptible to staphylococcal #-lactamase and heavy inocula than the other cephalosporins (with the exception of cephaloridine), whereas cephalothin was the most resistant cephalosporin to these factors. The minimal inhibitory concentration for benzylpenicillin for tests with undiluted inoculum, compared to results with inoculum diluted 10-4, differed by a factor up to 16,384, whereas with methicillin and nafcillin the differences were rarely more than twofold. Ratios for the other 10 antibiotics fell between these extremes. These results suggest that methicillin or nafcillin is most stable to staphylococcal ,-lactamase, and that benzylpenicillin and cephaloridine are the most susceptible.
Many different semisynthetic penicillins and cephalosporins have been developed and tested for their anti-staphylococcal activity. In clinical trials in this institution little difference in the relative merits of various penicillins and cephalosporins was found (1, 6-9, 13, 15) . This observation, combined with the fact that most standard in vitro studies show relatively little differences in minimal inhibitory concentrations (MIC) of many penicillins and cephalosporins, would suggest that there is little to choose between these various compounds in the treatment of staphylococcal disease. However, the clinical variables, ranging from the nature of the disease, promptness of treatment, and coincidental treatment with surgical procedures (e.g., debridement and drainage of abscesses), compound the confusion of the clinical observations. To properly assess the comparative clinical advantages of these compounds it would probably take a study involving many hundreds I It was shown in 1946 by Luria that penicillinase-producing staphylococci, when diluted to the point that individual colonies were formed on agar plates, were almost as susceptible to penicillin G as were penicillinase-negative strains (10) . The possibility that differences in inoculum effect would reveal differences in stability to f,-lactamase prompted this study. (2) .
Variation in inoculum. Dilutions of overnight cultures in brain heart infusion broth (Difco) were made in sterile distilled water to the indicated dilutions. To provide more concentrated suspensions of organisms, overnight cultures were centrifuged at 4,000 x g, the supernatant was removed, fresh broth was added to 0.1 the original volume, and the organisms were suspended with a Vortex mixer before they were used in the testing.
,B-Lactamase hydrolysis of penicillins and cephalosporins. The manometric method of Henry and Housewright (4) was used for determining the ability of ,@-lactamase from one strain to inactivate some of the compounds studied. f,-Lactamase (crude) from Staphylococcus aureus 60/1 was induced with methicillin at 0.5 jg/ml in brain heart infusion broth (Difco). Culture supernatant was concentrated 10 times by ultrafiltration (Amicon UM10 filter [retains particles with molecular weights > 10,0001, Lexington, Mass.) and dialyzed against tap water. About 80 U per flask was used in manometric assays.
Anmtibiotic susceptibility testing. The inocula replicator of Steers et al. (14) 
RESULTS
The effect of inoculum on the relative activity of the six penicillins tested is shown in Fig. 1 . The factor plotted as the ordinate was obtained as follows: the MIC obtained with a particular strain with an undiluted inoculum was compared with the MIC obtained with an inoculum which was diluted 10-4; dividing the former value by the latter yielded the factor. Figure 1 shows that the factor for most strains with penicillin G was about 2,048, whereas with methicillin and nafcillin the most commonly occurring factor was 2 (i.e., a twofold difference between MIC diluted and undiluted). Note that a factor of more than 8 was not required by any strain with either of these two antibiotics (Table  1) . Rather similar in performance were the three isoxazolylpenicillins oxacillin, cloxacillin, and dicloxacillin, which had a mode factor of 2 (dicloxacillin) or 4 (cloxacillin and oxacillin); but with all three of these antibiotics, a number of strains required larger factors, up to 16-fold or greater (Table 1) . Although these three isoxazolylpenicillins appeared fairly similar in Fig.  1 , Table 2 emphasizes that 8 and 13% of the isolates were fourfold more resistant than the median to dicloxacillin and oxacillin, respectively, whereas none of the isolates were fourfold more resistant than the median to cloxacillin.
Relative activity of the cephalosporins studied is shown in Fig. 2 , in which the factor was obtained by dividing the MIC of undiluted cultures with the MIC with the same culture diluted 10-4 (as in Fig. 1 ). Cephalothin showed the smallest change in factor related to inoculum of the cephalosporins, and cephaloridine showed the greatest inoculum effect. Cefazolin gave a distinct biphasic effect, one phase similar to that of cephalothin (in fact, slightly less subject to inoculum than cephalothin), and another similar to the middle phase of the triphasic cephaloridine curve. The other three cephalosporins studied but not plotted in Fig. 2 fell between cefazolin and cephalothin in their resistance to the inoculum effect (Table 3) . Table 4 emphasizes the fact that cephacetrile, cephapirin, and cefazolin had a wider variation in activity against these isolates, with 11 to 20% being substantially (.16-fold) more resistant than the median.
The effect of concentrating the overnight cultures on the MIC is shown in Table 5 for eight penicillinase-producing strains. The relative resistance to the inoculum effect ( Fig. 1 and  2 ) was also evident here when the cultures were further concentrated. Again, benzylpenicillin was the most susceptible to the inoculum effect of the penicillins, and cephaloridine was the most susceptible of the cephalosporins.
The effect of the penicillinase gene on the MIC is shown in Table 6 for 118 strains, for which results of the ,l-lactamase-negative isolates were compared with those of isolates that produce fB-lactamase. Again, it is evident that the median MIC obtained with penicillinasenegative organisms was almost the same as that obtained with penicillinase-positive organisms for methicillin, nafcillin, and dicloxacillin, as shown by the factors obtained here (median MIC of penicillinase-positive strains divided by median MIC of penicillinase-negative strains). Again, the greatest differences in MIC were found with benzylpenicillin and cephaloridine; rather large increases in MIC (20,000 and 64-fold, respectively) were found for many isolates containing the penicillinase genes. Table 7 presents the results of the manomet- a ,-Lactamase (crude) from S. aureus 60/1 was induced with methicillin at 0.5 ug/ml in Difco brain heart infusion broth. Culture supernatant was concentrated 10 times by ultrafiltration (Amicon, Lexington, Mass.) and dialyzed against tap water. About 80 U per flask was used in manometric assays. (A unit of ,8-lactamase will hydrolyze 1 ,mol of benzylpenicillin per hat 30 C [11] .) 11 Relative to rate with benzylpenicillin as substrate. VOL. 8, 1975 on August 29, 2017 by guest http://aac.asm.org/ Downloaded from susceptible. Not far behind penicillin in susceptibility to these effects was cephaloridine. The three isoxazolylpenicillins were clearly not as resistant to these effects as were methicillin and nafcillin, but they appeared to be superior to all of the cephalosporins in this regard. Although many of the strains studied appeared to give similar results with cephalothin and the isoxazolylpenicillins as with methicillin and nafcillin, there were many isolates in this group of 118 isolates that required much larger factors with the former antibiotics, i.e., they were less uniform in their response.
The three most likely explanations for the variation in factors for the different isolates against the same antibiotic are: (i) a quantitative difference in the amount of f,-lactamase produced; (ii) qualitative differences in the hydrolysis of the different penicillins by the ,-lactamases produced by the strains; or (iii) differences in accessibility to the ,B-lactamase. Richmond has shown that there are different types of staphylococcal ,@-lactamase which differ in several properties, including their relative abilities to hydrolyze penicillins and cephalosporins (12) . Although that work was done on cell-free preparations, it is quite possible that the triphasic curve (Fig. 2) for cephaloridine represents three different populations of staphylococci: (i) the phase on the left in Fig. 2 , representing those containing either no ,B-lactamase or a fB-lactamase unable to hydrolyze cephaloridine; (ii) the middle and largest phase, probably representing the most commonly occurring form of ,B-lactamase which hydrolyzes cephaloridine relatively easily, and (iii) the phase which most likely represents a smaller group of organisms that produce a fB-lactamase which is especially efficient in the hydrolysis of cephaloridine. The biphasic nature of the curve with cefazolin probably indicates qualitative differences in the types of ,-lactamase produced by these organisms and their ability or inability to hydrolyze cefazolin.
Although one might interpret these data as suggesting that it is preferable to select methicillin or nafcillin for treating infections due to ,8-lactamase-producing strains of S. aureus, clinical results to date suggest that most (probably benzylpenicillin and possibly also cephaloridine are exceptions) of the compounds studied generally produce similarly satisfactory results, although adequately controlled direct comparisons are not available. Nonetheless, the apparent order of relative resistance to staphylococcal fB-lactamase, in descending order of resistance, is: methicillin and nafcillin; dicloxacillin, cloxacillin, and oxacillin; cephalothin, cephalexin, cephacetrile, and cephaloglycin; cephapirin and cefazolin; cephaloridine; and benzylpenicillin, the least resistant (those grouped together are relatively similar in their resistance).
Because there are these differences in the effect of inoculum and d-lactamase on the MIC, it may be worthwhile to devise laboratory sensitivity tests for susceptibility of staphylococci to these compounds to detect those strains which are resistant to the penicillins when present in sufficient number or with the appropriate ,B-lactamase. It is known that some infections (abscesses) may contain up to 1011 organisms per ml, far greater than the usual concentration of staphylococci used in in vitro testing. Hewitt and Parker have already pointed out the very great importance of the ,8-lactamase gene on the apparent MICs against cephaloridine (5). Although it seems unlikely that an appropriate clinical study will be done to help evaluate the relevant merits of these anti-staphylococcal compounds, it would seem that appropriate laboratory tests and possibly animal studies might yield information to permit more effective use of these compounds in the treatment of staphylococcal infections of humans. 
